Plants respond to short-and long-term mechanical stimuli, via altered transcript abundance and growth respectively. Jasmonate, gibberellic acid and calcium have been implicated in mediating responses to mechanical stimuli. Previously it has been shown that the transcript abundance for the outer mitochondrial membrane protein of 66 kDa (OM66), is induced several fold after 30 min in response to touch. Therefore, the effect of mitochondrial function on the response to mechanical stimulation by touch at 30 min was investigated. Twenty-five mutants targeting mitochondrial function or regulators revealed that all affected the touch transcriptome. Double and triple mutants revealed synergistic or antagonistic effects following the observed responses in the single mutants. Changes in the touch-responsive transcriptome were localised, recurring with repeated rounds of stimulus. The gene expression kinetics after repeated touch were complex, displaying five distinct patterns. These transcriptomic responses were altered by some regulators of mitochondrial retrograde signalling, such as cyclic dependent protein kinase E1, a kinase protein in the mediator complex, and KIN10 (SnRK1 À sucrose non-fermenting related protein kinase 1), revealing an overlap between the touch response and mitochondrial stress signalling and alternative mitochondrial metabolic pathways. Regulatory network analyses revealed touch-induced stress responses and suppressed growth and biosynthetic processes. Interaction with the phytohormone signalling pathways indicated that ethylene and gibberellic acid had the greatest effect. Hormone measurements revealed that mutations of genes that encoded mitochondrial proteins altered hormone concentrations. Mitochondrial function modulates touch-induced changes in gene expression directly through altered regulatory networks, and indirectly via altering hormonal levels.
INTRODUCTION
A significant effort in plant biology research is aimed at understanding how plants sense and respond to environmental stimuli, with the eventual aim to optimise these responses for agricultural production (Flavell, 2010; Tester and Langridge, 2010) . In addition to various environmental conditions that can be generally described as stress or adverse growth conditions, mechanical stimulation of plants in the environment can influence plant growth and morphology, termed thigmomorphogenesis, that is largely mediated by the phytohormone jasmonate (Chehab et al., 2012) . Notably while jasmonate is required to observe touch-induced morphogenesis in Arabidopsis thaliana such as delayed flowering, it is not required for the transcript induction of touch-induced marker genes (Chehab et al., 2012) . Several studies have shown that repeated touching or mechanical stimulation of plants leads to growth retardation (Lange and Lange, 2015) . The touch response has been linked to a variety of biochemical processes such as hormone responses, reactive oxygen species (ROS) and Ca 2+ release, prompting the suggestion that the touch response may lead to cross-protection to abiotic and biotic stress (Nakagawa et al., 2007; Kagaya and Hattori, 2009; Chehab et al., 2012; Lange and Lange, 2015) . The precise mechanistic link between touch and cross-protection to stress is not known. The involvement of the plant hormones auxin, gibberellic acid and jasmonate in these processes (Chehab et al., 2012; Lange and Lange, 2015; Tsugama et al., 2016) provides a link to how mechanical stimulation can affect growth.
In addition to alteration of plant morphology by mechanical stimulus, short-term responses in terms of altered transcript abundance occur upon touch, with several hundred genes changing in transcript abundance (Braam and Davis, 1990; Lee et al., 2005) . Some genes that change in abundance in response to touch are referred to as TOUCH (TCH), and encode calmodulins or calmodulin-like proteins and cell wall, wound and deference enzymes. A forward genetic screen identified RNA polymerase II-associated factor 1 (Paf1/VIP3) that was required for some aspects of thigmomorphogenesis and also was defective in the rapid induction of TOUCH3 (TCH3) and TOUCH4 (TCH4), providing a link between rapid molecular responses to a single touch stimulus and growth alteration to repeated stimulus (Jensen et al., 2017) . Alteration of H3K36 methylation by Paf1/VIP3 is consistent with another report that revealed the importance of epigenetic regulation for mechanical stimulation responses (Cazzonelli et al., 2014) .
It is now well established that chloroplasts and mitochondria initiate signalling pathways to alter nuclear gene expression, generally referred to as retrograde signalling pathways (Ng et al., 2014; Chan et al., 2016) . These signalling pathways are essential to optimise growth and development, as both mitochondria and chloroplasts play a central role in sensing and responding to internal and external stimuli. Retrograde signalling pathways adjust and optimise cellular responses to prevailing conditions. Chloroplast retrograde signalling pathways can be grouped into six different pathways depending on the signalling factors, namely tetrapyrrole, metabolites, plastid gene expression, plastid transcription factor, ROS and redox signals (Chan et al., 2016; Kleine and Leister, 2016) . While mitochondrial retrograde signalling pathways are not as well characterised as chloroplast pathways, various studies have suggested that ROS and non-ROS mitochondrial retrograde signalling pathways exist (Vanlerberghe, 2013; Ng et al., 2014; Kleine and Leister, 2016) . Studies with various hormone signalling mutants and mutants in genes encoding mitochondrial proteins have provided evidence for additional mitochondrial retrograde signalling pathways Garcia et al., 2016; Murcha et al., 2016) , such as signalling pathways that are initiated upon inactivation of the mitochondrial respiratory NADH dehydrogenase (complex I) and succinate dehydrogenase (complex II) (Gleason et al., 2011; Wang et al., 2016) . Therefore mitochondria, as do chloroplasts, act as a hub to sense and integrate environmental and cellular signals to initiate responses to various stimuli Wang et al., 2018b) .
Previously we have reported that the gene encoding the OUTER MEMBRANE PROTEIN 66 (OM66) displays a rapid increase in transcript abundance upon touch stimulus (Van Aken et al., 2016) . This touch response of OM66 was distinguished from the classical mitochondrial retrograde signalling pathway of which Alternative Oxidase 1a (AOX1a) is widely used as a marker. The touch response of OM66 and of AOX1a differed in their kinetics in that the induction of OM66 was rapid, peaked at 30 min after stimulus and decreased afterwards. Whereas AOX1a was not induced by touch stimulus and displayed maximal induction after 3 h when mitochondrial function was perturbed (Ng et al., 2013a; Van Aken et al., 2016) . The touch-stimulated induction of OM66 transcripts was also not mediated by the transcription factor ANAC017, which has been identified as the master regulator of AOX1a induction under a variety of stimuli (Ng et al., 2013b (Ng et al., , 2014 . Furthermore, OM66 upregulation was not suppressed by mediators that have been shown previously to be involved in the touch response, specifically Ca 2+ touch-related plasma membrane channel proteins MCA1 and MCA2 (Kamano et al., 2015) or the extracellular ATP receptor AtDORN1 (Wang et al., 2018a) . The coi1 mutant of jasmonate signalling also did not significantly affect the response (Van Aken et al., 2016) . Touch induction of the OM66 response was repressed by lines overexpressing the transcription factors (TFs) WRKY15 and WRKY40, which were also induced by touch, suggesting a negative feedback loop. WRKY40 has also been shown previously to be involved as a repressor of mitochondrial retrograde signalling of AOX1a (Van Aken et al., 2013) . It was therefore of interest to determine the interaction between mitochondria function and touch-dependent signalling. Specifically, the effect of the touch-responsive transcriptome was assessed using cells with mutations in genes encoding mitochondrial proteins, proteins involved in signal transduction and TFs that regulate mitochondrial function. Furthermore, the interaction between hormone and energy signalling pathways was investigated in hormone and energy signalling mutants and by hormone treatment. Together, these analyses revealed that mitochondria play a central role in mediating the touch response, and are involved in the upregulation of genes responsive to abiotic and biotic stress signalling, and in downregulation of genes responsive to development and circadian rhythms, thereby negatively affecting growth. These findings uncovered previously unknown interactions between mitochondria function, hormone and energy signalling, abiotic and biotic stress and touch signalling.
RESULTS

A localised recurring response upon touch
In order to characterise the role of mitochondria in response to touch, an experiment was conducted by touching leaves repeatedly with a soft paint brush at times 0, 12 and 24 h and transcript abundances were measured afterwards at 30 min, 1 h, 3 h and 6 h following each touch (Figure 1a ), similar to the procedure previously optimised to describe the role of mitochondria in the touch response (Van Aken et al., 2016) . The transcript abundance of the genes encoding the mitochondrial membrane outer membrane protein OM66, and TFs WRKY 15 and 40 was measured ( Figure 1a) , with overexpression of the latter two genes known to partially suppress the touch response (Van Aken et al., 2016) . As previously observed there was a large increase in transcript abundance of the three genes measured at 30 min after touching that declined over the following 6 h ( Figure 1a ). Given these responses and known function from previous studies, these genes can be considered markers of the touch response. After the repeated touch treatments, for all three genes tested the induction was strongest on the first touch with a significant desensitisation observed between the first and second touch for OM66, and between first, second and third touch for WRKY15 and 40 (Figure 1a) . These results confirmed the robust nature of the response of the gene encoding the mitochondrial outer membrane protein OM66 to a touch stimulus.
As well as testing the whole treated leaf, a distal leaf from the same plant was tested for a systemic response (Figure 1b ). By contrast with the response observed in the touched leaf, the induction of the transcript abundance in a neighbouring leaf was detectable but much reduced (Figure 1b) . The induction of WRKY40 transcript abundance in the local leaf was greater than 100-fold (ÀΔΔC T of 7) whereas the induction in a neighbouring systemic leaf was only two-fold (ÀΔΔC T of 1) (Figure 1b ). To investigate this further, the touch protocol was carried out only on the top half of a leaf ( Figure 1c ) and transcript abundance was determined for the touch-responsive genes in both leaf halves. As expected, this approach also showed that the touched portion of the leaf responded with large increases in transcript abundance of over 200-fold (ÀΔΔC T = 8), while the untouched portion displayed lower levels of induction of 8-fold (ÀΔΔC T = 3) (Figure 1c ). Overall these results showed that the touch response is a localised response that spreads out from the point of contact but then dampens significantly with distance.
Mitochondrial function affects the touch response
Twenty-five mutants that encode mitochondrial proteins or known regulators of mitochondrial function were selected (Supporting information Table S1 ) to obtain a comprehensive picture of the effect of mitochondrial function on the touch transcriptome. Transcript abundance of OM66, WRKY40 and WRKY15 was measured at 0.5 h after touching and compared with the untouched leaves. In Col-0, transcription of OM66, WRKY40 and WRKY15 was induced 36-, 148-and 8-fold upon touch treatment ( Figure 2a ). As outlined in Experimental procedures, the touch treatment was carried out on 4-weekold plants, however, for mutant lines with altered growth rates, plants were grown to the same development stage. Some mutant lines such as complex I-deficient lines displayed a slow growth phenotype as previously detailed ( Figure S1 ) (Meyer et al., 2009; Kuhn et al., 2011; Wang et al., 2012) . Growth stage analyses (Boyes et al., 2001) , photosynthetic efficiency and chlorophyll content for all the mutants are shown ( Figure S1 , Figure S2 ). While there were some differences in growth, and to a lesser extent in F v /F m and chlorophyll content, there was no correlation with these parameters and the effect of the touch response of OM66, WRKY40 and WRKY15. Analyses of the response in mutants of OM66 itself revealed that a loss-of-function mutant of OM66 (om66) (Zhang et al., 2014) essentially abolished the response of WRKY40 (Figure 2a) , while an OM66-overexpressing line (OM66-OE) (Zhang et al., 2014) had a significantly enhanced (three-fold) response for WRKY40 (Figure 2a ), compared with Col-0. Therefore, the presence of OM66 was required for the induction of WRKY40, and a higher amount resulted in an enhanced response indicating mitochondrial function was affecting the touch response. However, this enhanced induction was not observed with WRKY15 in the OM66-overexpressing line. As expected, changes of OM66 transcript abundance upon touch were not observable in the mutant line (om66) (Figure 2a) .
Of the 25 mutants analysed that had affected mitochondrial function or signalling, the touch response with OM66 and WRKY40 was significantly altered in 20 and 21 mutant lines, respectively. WRKY15 displayed the weakest response in terms of magnitude of induction among the three marker genes, nevertheless 16 mutant lines showed a significant change in WRKY15 abundance following touch. (Figure 2a, b) . All mutations significantly affected the transcript abundance of at least one of the three marker genes upon touch, with eight genotypes altering the expression of all three marker genes and a further eight changing the expression of OM66 and WRKY40 (Figure 2b ).
At12Cys-1 and At12Cys-2 are mitochondrial intermembrane space proteins with a conserved twin cysteine motif that signal mitochondrial complex I dysfunction in Arabidopsis (Wang et al., 2016) . Consistently loss-of-function mutant lines (At12cys-2a, At12cys-2b, At12cys-1) displayed a significantly increased transcript response for all three marker genes following touch treatment (Figure 2c) , while the overexpression lines (At12CYS-1-OE, At12CYS-2-OE) displayed a reduced response (Figure 2a ). Mia40 is a mitochondrial import and assembly protein (of 40 kDa) that also encodes a mitochondrial intermembrane space twin cysteine protein (Carrie et al., 2010) . The mia40 knockout mutant displayed an induction of OM66 and WRKY40 but not WRKY15 (Figure 2a ). (a) Touch treatment was carried out at 0, 12 and 24 h and samples were harvested over a 30-h time course as indicated. Bar charts give relative transcript abundance of OM66, WRKY15 and WRKY40 over the time course compared with the untouched wild-type leaves. Statistical significance was determined using Student's t-test (*P < 0.05, **P ≤ 0.01; n = 3). (b) Diagram indicating the touch treatment on Arabidopsis rosette whole leaves to analyse systemic responses. The touch treatment was performed on the whole rosette leaves (highlighted in orange) representing the local response to touch. The neighbouring leaf represents the systemic touch response (in green). Bar chart shows relative transcript abundance of WRKY40 at 0.5 h following touch treatment compared with untouched wild-type in the local and systemic leaves. (c) Diagram indicating the touch treatment on Arabidopsis rosette half leaves to analyse systemic responses. The touch treatment was performed on the half rosette leaves (highlighted in orange) representing the local response to touch. The other half leaf represents the systemic touch response (in green). Bar chart shows relative transcript abundance of WRKY40 at 0.5 h following touch treatment compared with untouched wild-type in the local and systemic half leaves. Samples of the local and systemic leaves/ halves were harvested at 0.5 h after the treatment.
Seventeen of the lines, showed a consistent induction of both OM66 and WRKY40 (Figure 2a , green and blue boxes, Figure 2b ), while 11 were conserved between WRKY40 and WRKY15 ( Figure 2a , green and blue boxes, Figure 2b ). There were contrasting responses seen with OM66OE and ndusf4 (encoding a complex I subunit) mutants, where WRKY40 was significantly induced while OM66 and WRKY15 were significantly decreased compared with their response in Col-0 (Figure 2a , purple box, Figure 2b ).
From these results it was concluded that mitochondrial function greatly affects the touch response, with 66% of the lines showing differential expression of WRKY15 and 88% of the lines showing differential expression of both OM66 and WRKY40, as markers of the touch response. However, they also show that the touch response is complex. For example, ndufs4 (a complex I mutant) (Meyer et al., 2009) and At12cys-1/At12cys-2a/ndufs4 triple mutants. Statistical significance of values was determined by comparing to Col-0 using Student's t-test (*P < 0.05, **P ≤ 0.01; n = 3; ++ indicates a significant difference P ≤ 0.01 in the triple lines compared with the corresponding single and double mutant lines P ≤ 0.01). The colour of the heat map represents the ΔΔC t values. A full description of the mutants is given in Table S1 . aox1a = AOX1a T-DNA insertion line; At12cys-1 = At12Cys-1 T-DNA insertion line; At12CYS-1-OE = At12Cys-1-overexpressing line; At12CYS-2-OE = At12Cys-2-overexpressing line; At12cys-2a = At12Cys-2 T-DNA insertion line; At12cys-2b = At12Cys-2 T-DNA insertion line; myb29-1 = MYB29 EMS mutant line; myb29-2 = MYB29 T-DNA insertion line; mia40 = MIA40 T-DNA insertion line; ndufs4 = NDUFS4 T-DNA insertion line; om47-1 = OUTER MEMBRANE PROTEIN 47 T-DNA insertion line 1; om47-2 = OUTER MEMBRANE PROTEIN 47 T-DNA insertion line 2; om66 = OUTER MEMBRANE PRO-TEIN 66/BCS1 T-DNA insertion; OM66-OE = OUTER MEMBRANE PROTEIN 66/BCS1-overexpressing line; rao1/cdke1 = CYCLIN-DEPENDENT KINASE E1 EMS mutant line; CDKE1-OE = rao1 complemented line under 35S CaMV promoter, ANAC017-OE = rao2 complemented line under 35S CaMV promoter; rao2/anac017 = AtNAC017 EMS mutant line; rao3 = BIG EMS mutant line; rug3 = RUG3 T-DNA insertion line; tim23-2 = TIM23-2 T-DNA insertion line; TIM23-2 OE = TIM23-2-overexpressing line; wrky33-1 = WRKY33 T-DNA insertion line 1; wrky33-2 = WRKY33 T-DNA insertion line 2; wrky42 = WRKY42 T-DNA insertion line.
phenotype) (Kuhn et al., 2011) , resulted in a decreased transcript abundance for OM66 compared with Col-0. This prompted the hypothesis that the response may be a combination of several intersecting signal transduction pathways. Because the response of mutant and overexpression lines of At12Cys-1 and At12Cys-2 were consistent in their responses, double and triple mutants for At12Cys-1 and At12Cys-2 were obtained to dissect the touch response further. From the responses observed, it was predicted that a double mutant of At12Cys-1 and At12Cys-2, i.e. At12cys-1/At12cys-2a or At12cys-1/At12cys-2b would still show a significant increase in transcript abundance for all three marker genes (OM66, WRKY40 and WRKY15) upon the touch treatment, as they were all increased in the individual mutants (Figure 2a ). The At12cys-1/At12cys-2a double was crossed with the complex I mutants rug3 or ndufs4 to generate the triple mutant. Therefore, for At12cys-1/ At12cys-2a/ndusf4 or At12cys-1/At12cys-2a/rug3, it was predicted that with WRKY40 as a marker gene an additive effect may be observed as both At12cys mutants, rug3 and ndufs4 gave a significant increase upon touch ( Figure 2a ). Consistent with this hypothesis, after touch treatment a 902-fold and 1132-fold increase in transcript abundance of WRKY40 was observed with both At12cys-1/At12cys-2a/ ndusf4 or At12cys-1/At12cys-2a/rug3 respectively, compared with the individual or double At12cys mutants in which transcript abundance was increased by 450-fold to 700-fold ( Figure 2c ). Using WRKY15 as a marker gene, the opposite is predicted. The transcript of WRKY15 was increased in the At12cys mutants, while rug3 and ndufs4 negatively affected the induction, as ndufs4 alone decreased the touch response of WRKY15 by 50% (Figure 2a ) and in rug3 no significant difference was observed compared with wild-type ( Figure 2a) . Therefore, the significant increase in transcript abundance for WRKY15 in the single or double At12cys mutants was abolished in the triple mutants with ndufs4 or rug3, i.e. At12cys-1/At12cys-2a/ rug3 and At12cys-1/At12cys-2a/ndusf4 (Figure 2c) . A similar pattern was observed with OM66 expression levels. The induction in transcript abundance of OM66 observed in the At12cys mutants was significantly decreased in the triple mutants At12cys-1/At12cys-2a/rug3 and At12cys-1/At12cys-2a/ndusf4 (Figure 2c ). This indicates that mitochondrial function can negatively and positively affect touch-induced increases in transcript abundance.
Kinetics of repeated touching at a transcriptome level
Given the different responses of WRKY15, WRKY40 and OM66 to repeated touch stimuli (Figure 1a ), a complete transcriptomic quantification (RNA-seq) of the touch response was carried out to follow temporal differences of gene expression. In total, 1107 genes responded 0.5 h after each touch stimulus applied at 0, 12 and 24 h. A k-means clustering approach grouped these genes into five main clusters with different response kinetics ( Figure 3 , Table S2 ). Cluster 1 contained genes with strongest response to the first touch treatment (0.5 h) and reduced responses to the second (12.5 h) and third (24.5 h) stimuli. In cluster 2 the response increased from 0.5 to 12.5 h and then declined at 24.5 h (Figure 3 ). WRKY15 and WRKY40 were placed in cluster 1 and OM66 in cluster 2, in agreement that these genes show a desensitised response after repeated touch treatment ( Figure 1 ). The genes in cluster 3 had a high response at all-time points and the response consistently increased with repeated stimuli with cluster 4 genes. The touch response genes TCH3 (At2 g41100 -CAL-MODULIN-LIKE 4) and TCH4 (At5 g57560 -XYLOGLUCAN ENDOTRANSGLUCOSYLASE/HYDROLASE 22) were present in this cluster, consistent with their definition as touch response markers (Jensen et al., 2017) . The genes in cluster 5 showed highest responses at the 0.5 h and 24.5 h time points, with a reduced expression at 12.5 h. As the plants were grown in a 14 h light/10 h dark cycle during the touch experiments this pattern suggested a possible overlapping touch and diurnal response. Therefore, for genes in clusters 1-5, a dataset for the diurnal expression of Arabidopsis genes was used to determine their possible regulation by the light cycle (Blasing et al., 2005) . This revealed that genes in cluster 5 generally have a lower expression in the dark than in the light, indicating their regulation by the diurnal cycle as also indicated in the touch experiment ( Figure S3A , Figure 3 ). By contrast, genes in clusters 1-4 seem not to be regulated by a diurnal rhythm ( Figure S3A ). These included WRKY15, WRKY40 and OM66, for which diurnal variation under standard growth conditions in a 12 h light/dark cycle was not observed (Figure S3B) , and importantly not correlated with their touch response ( Figure 1 ). The complex kinetics of the transcriptomic response further supports that multiple signal transduction pathways are involved to regulate gene expression after repeated touch treatment.
Effect of mitochondrial function on the touch transcriptome
Several mutant lines compromising mitochondrial function were selected for transcriptome analyses using RNAseq. The At12Cys lines were selected as they were consistent for all three marker genes and displayed a complementary pattern, i.e. loss-of-function lines displayed an increase in response, while overexpression lines displayed a decrease in response of marker gene expression ( Figure 2a ). The OM66 lines were chosen as the overexpression led to an increase in transcript abundance of WRKY40 and the om66 knockout line displayed a decrease in transcript abundance of WRKY40, while for WRKY15 transcript abundance both showed a decrease compared with Col-0. For the CDKE1 lines, an increase in transcript abundance of WRKY40 and WRKY15 was observed in cdke1 and a decrease in CDKE1-OE, but no significant effect was observed with the transcript abundance of OM66 (Figure 2a ). The complexity of the response was investigated using these selected lines.
The touch response resulted in 2004 genes in wild-type responding at fold change of Log 2 ≥ 2 or ≤ -2 (FDR<0.05) ( Figure 4a , Table S2B ), with all the mutants affecting the response. The cdke1 mutant had the greatest effect in terms of genes affected in that only 906 genes were observed to be significantly changed in transcript abundance, of which only 568 (473 upregulated, 95 downregulated) overlapped with the wild-type response ( Figure 4a ). CDKE1 is a subunit of the Mediator complex that relays the information from TFs to RNA polymerase II to initiate transcription. The Mediator complex has been shown to be involved and required for a variety of stress responses ranging from biotic responses to iron limitation responses (Crawford et al., 2017; Dolan and Chapple, 2017) . It is also involved in floral induction and development, first characterised as HEN3 (HUA (flower) ENhancer 3) (Wang and Chen, 2004) . Therefore, the touch response via KIN10 and CDKE1 is integrated with other stress signalling and developmental pathways. Notably the response of the touch marker genes, TCH3 and TCH4, was abolished in cdke1 revealing a central role for this protein in mediating transcription in response to touch stimulus ( Figure 4a ).
om66 and At12CYS-1-OE displayed the next highest changes with 612 upregulated and 37 downregulated genes that overlapped (Figure 4a ), and notably they displayed a reasonable correlation of 0.7 (Figure 4b ), and the response of TCH3 and TCH4 was similar in these mutants ( Figure 4a ). In each mutant there was a number of differentially expressed (DEGs) shared with the wild-type and a number of genes unique to that mutant, giving a total set of 3815 DEGs that were affected by touch across all lines ( Figure 4a , Table S2B ). Notably while none of the mutants correlated more than 0.6 with wild-type, they displayed correlations of 0.7-0.8 with each other (Figure 4b ). For example, At12cys-1 showed a correlation of 0.5 with wild-type, 0.3 with cdke1, but 0.7 or 0.8 with all other mutants ( Figure 4b ). All mutants showed a significant overlap with the wild-type response ranging from approximately 25% of the genes observed with cdke1 to almost 50% of the genes observed with OM66-OE and At12cys-1 (Figure 4b ). Yet all of the mutants displayed some distinct response, ranging from over 600 genes in OM66-OE and At12cys-1 to less than 100 genes in cdke1, with these showing some overlap with other mutants. Together these results suggested that multiple signalling pathways are involved in the response.
An analysis of the genes that are responding to touch in the wild-type plants overwhelmingly suggests a defence response. In total, the 1470 genes upregulated in 
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At12CYS1-OE Table S1 . Differentially expressed genes were defined as those with a |log 2 fold change| ≥ 2 and an FDR value < 0.05. The bar graph shows the number of genes that were in common with wild-type, were exclusive to wild-type and were shared with other mutant(s) or unique to a particular mutant. abiotic and biotic stress responses. By contrast, 534 genes whose transcripts were downregulated in abundance were grouped under the term 'regulation' (Figure 5a , Figure S4 ), with regulation of metabolism, biosynthesis and various aspects of RNA and DNA regulation. This suggests a mechanical stimulus invokes a response that involves genes related to various stress responses and that biosynthetic and growth pathways are downregulated.
To gain a more detailed picture of the effect of each mutant on this response, they were compared with those of the wild-type (Figure 5bÀe, Figure S4 ). The exclusive DEGs in wild-type (Figure 5b ), which were not significantly affected in any mutant, consisted of 298 upregulated genes and 282 downregulated genes. In the former the Gene Ontology (GO) term 'response' is also dominant, but it involves abiotic stress (light, radiation, abiotic), and secondary metabolism (vitamin), while the 282 exclusively downregulated genes were predominantly related to temperature stimulus (Figure 5b , Figure S4 ). Analyses of the common responsive genes in wild-type and mutants revealed 177 upregulated genes in all lines that were enriched in the response to wounding, chitin, and oxygencontaining compounds (Figure 5b , Figure S4 ). Analyses of the exclusive sets in the individual mutants showed that the two mutants of mitochondrial proteins, OM66 and At12Cys-1, displayed a consistent response, with conserved enriched GO terms observed (Figure 5c, d, Figure S4) . The genes upregulated in both OM66-OE and At12CYS-1-OE are defence response related, with an emphasis on chitin, stress and oxygen-containing compound, and the genes downregulated in abundance in these mutants are response to hormones, auxin and growth. For the cdke1 loss-of-function mutant, downregulated genes were associated with response to biotic stimulus, while CDKE1-OE displayed a relatively normal response as observed in the wild-type for response to various stimuli (Figure 5e , Figure S4 ).
With the exception of cdke1, the three mutants shared similarity in response with each other (Figure 5c-e, Figure S4) . Therefore, while the identity of the genes whose expression is altered in each mutant differs, the response remains identical in terms of GO categories. Overall the genes encoding mitochondrial proteins OM66 and At12Cys-1 appear to be involved in defence responses. This is accompanied by a downregulation in the endogenous auxin and growth processes. A loss-of-function CDKE1, a nuclear kinase located in the mediator complex (Crawford et al., 2018) , is not accompanied by expression of the biotic defence genes activated by touch, while the overexpressor displays a reasonably well conserved response compared with the other mutants. This may be expected, as an overexpressed kinase may not be fully activated itself by other input pathways.
Analysis of the effect of the touch response on genes encoding mitochondrial proteins revealed that 54 genes responded (17 downregulated, 37 upregulated) in wild-type, and all but three of these genes were significantly altered in transcript abundance in at least one of the six mutants used to determine the effect of mitochondrial function on the touch response (Table S2H ). In total, 92 genes responded in the various mutants. Examination of the functions of these gene products revealed that there is an overall lack of components associated with primary carbon metabolism and respiration, but rather a number of components involved in various aspects of gene editing or splicing [(pentatricopedtide peptide (PPR) proteins, OTP87), transporters (several dicarboxylate transporters, adenine nucleotide transporter, protein transporters (TIM and LETM)] and cell death [cytochrome c and Bcl-2-associated athanogene (BAG) proteins]. Notably two alternative NAD(P)H dehydrogenases are upregulated: NDA1 (At1 g07180) only in wild-type and NDB2 (At4 g05020) in wild-type, CDKE overexpression and cdke1 mutant lines as well as in the At12cys-1 mutant. The various mutants were affected in this response, e.g. AOX1a was induced in CDKE1-OE as might be expected from its role in regulation of AOX1a expression (Ng et al., 2013a) . Again, cdke1 was most dramatically affected with only 17 differentially expressed gene observed, 15 of which were also observed in wild-type (Table S2H) . Therefore, cdke1 essentially abolished almost 70% of the touch-sensitive genes encoding mitochondrial proteins.
Overall it can be concluded that mitochondria function greatly affects the touch response, with a reduced and unique transcriptomic response observed in the mitochondrial mutants compared with Col-0 (Figure 4) . Notably, mutants of these mitochondrial proteins did show some overlap between each other, with mutants of OM66, At12Cys-1 and CDKE1 showing correlations of 0.7-0.8 between combinations of these, while the maximum correlation between any of the mutants with Col-0 was 0.4-0.6 (Figure 4b ). Furthermore, it was shown that approximately 70% of the touch response required a functional CDKE1 protein, a kinase subunit of the mediator complex.
Mitochondria function alters the transcriptional regulatory network in response to touch
Analysis of genes encoding TFs revealed 404 differentially expressed TFs after touch stimulation in at least one genotype ( Figure 6 , Table S2I ). Notably, almost half were downregulated, which was unexpected given the relatively smaller number of downregulated genes overall (Figure 4 ). Of the 404 TFs, 188 did not show significant responses in the wild-type (i.e. |log 2 fold change| > 2, FDR < 0.05) but were differentially expressed in at least one of the mutant/OE lines. Similarly, there were 60 TFs (22 up, 38 down) that were differentially expressed exclusively in the wild-type (Figure 6a, b) . There was some conservation across the mutant/OE lines with 90 of the 188 TFs (that were unresponsive in wild-type) being responsive in more than one mutant/OE line, consistent with the overall similarity between mutants observed above (Figures 4 and 5) . Interestingly, just as observed with the overall transcriptomic response (Figure 4a ), for the downregulated TFs the sum of the differentially expressed TFs exclusive to each mutant and those that overlapped with another mutant was greater than those 
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2.06E-02 DNA replication 3 1.95E-02 response to external biotic stimulus 2,4 2.38E-02 response to biotic stimulus 2,4 2.54E-02 response to other organism 2,4 3.17E-02 multi-organism process 2,4 4.53E-02 response to oomycetes 4,
1.57E-09 9.14E-04 response to chemical 0, 1, 2, 3, 4, 5, 6 4.12E-04 1.18E-03 response to endogenous stimulus 3, 4, 5, 6 6.26E-04 1.59E-03 response to hormone 3, 4, 5, 6 6.52E-10 2.46E-03 response to organic substance 1,2,3,4,5,6 1.80E-13 2.81E-03 response to stimulus 0, 1, 2, 3, 4, 5, 6 3.61E-15 1.43E-02 response to oxygen-containing compound 0,1,2,3,4,5,6 2.19E-02 3.38E-02 cellular response to chemical stimulus 3,4,6 1.42E-17 response to chitin 1,2,3,5,6 4.01E-15 response to organonitrogen compound 1,2,3,5,6 1.50E-13 defense response 1,2,3,5,6 Figure 5 . Gene ontology enrichment analyses (Biological Process) of the response to touch. The top 10 significant ontologies are shown for upregulated and downregulated transcripts in wild-type (WT) in (a), exclusive to wild-type and common to all (b) and the exclusive sets in each line used (c, d). The full list of ontologies is shown in Figure S4 . The numbers next to the GO terms indicate the genotype in which they were over-represented: 0 -wild-type (not in any of the other lines); 1, OM66-OE; 2, om66; 3, CDKE1-OE; 4, cdke1; 5, At12CYS-1-OE; and 6, At12cys-1.
that overlapped with wild-type (Figure 6a) Figure 6b , red arrow), with only a few of these observed in each mutant, i.e. only 12 of these are upregulated in cdke1, while none of these were expressed in At12cys-1 (Figure 6b, red arrow) . Eleven of the genes in this group encode TFs that are involved in responses to light or circadian patterns, including At1 g01060, that encodes Late Elongated Hypocotyl (LHY), a central regulator of the circadian cycle (Green and Tobin, 2002) . Another group of 51 TFs regulating a variety of functions from organ development to stress responses displayed downregulation in wild-type (Figure 6b , blue arrow), while limited overlap in the various mutant lines. Many of the downregulated TFs were associated with growth, defining cell fate. These are: INDETERMINATE(ID)-DOMAIN 5/At2 g02070, involved in cell lineage specification and asymmetric cell division; CYCLOIDEA AND PCF TRANSCRIPTION FACTOR 3/ At1 g53230, a TCP3 leaf growth and cell differentiation factor; AGAMOUS-LIKE 8/At5 g60910, involved maintenance of meristem inflorescence; SQUAMOSA PROMOTER BIND-ING PROTEIN-LIKE 9/At2 g42200, which regulates vegetative to reproductive state transition; NAC100/At5 g61430 involved in development of multicellular organisms; WRKY54/At2 g40750, a negative regulator of senescence; WRKY70/At3 g56400, involved in brassinosteroid-regulated growth; and MYB HYPOCOTYL ELONGATION-RELATED/ At5 g47390, which encodes a MYB TF that controls cell expansion during leaf development in a circadian-regulated manner by regulating ROS homeostasis. Therefore, the alteration of the TFs transcript abundance correlated with the activation of defence responses, a caseation of cell growth, cell differentiation and delay in flower initiation.
Many TFs associated with defence responses are upregulated in abundance in the various mutants, with the exception of cdke1 mutants. DDF2/At1 g63030 -encodes an ethylene responsive factor (ERF)-like transcription factor that increases tolerance to salinity and decreases gibberellic acids synthesis (Magome et al., 2004) , therefore promoting stress tolerance over growth, and it is induced in om66, CDKE1-OE, At12CYS-1-OE and At12cys-1 (Table S2I) . Some ERFs were significantly enriched among the TFs that were differentially expressed upon touch in the mutants (Figure 6c ). Transcript abundance of bHLHs factors are largely decreased by touch (Table S2I ). The association of bHLHs with many cell differentiation processes signals a pausing of cell differentiation. The association of ERF-type TFs with defence processes, along with NAC and WRKY TFs that are upregulated in abundance (Figure 6c) , is a putative mechanism for the GO term enrichment related to the 'response' function associated to the DEGs ( Figure 5 ). This was observed in wild-type and all the mutants except cdke1.
To define the regulatory networks that function during the touch response and how they are altered in the mutants of genes encoding mitochondrial proteins or regulators of mitochondrial function, the promoter regions of DEGs were analysed for enrichment of (known) TF binding sites (TFBS) using the TF2Network tool (Kulkarni et al., 2017) . In addition to touch-responsive genes in all the analyses genotypes, genes with conserved touch response among wild-type and mutants (Figure 7a ). Significantly enriched TFBSs were then compared with the TFs that were differentially expressed by touch treatment. Interestingly, for several of the identified TFs experimentally proven DNA interactions with promoters in the touchresponsive target genes. CAMTA (CALMODULIN-BINDING TRANSCRIPTION ACTIVATOR) binding sites were enriched in the touchupregulated genes for all lines examined as well as in the conserved touch response, indicating they were unaffected by the mutants (Figure 7a, red cluster) . As the name suggests, CAMTA alter genes expression in response to calcium signals, and the characterised plasma membrane channel MCA that is activated by touch produces a calcium signal that could potentially be executed by these transcriptional activators (Finkler et al., 2007) . Their activation by calcium post-translationally would explain why CAMTAs are not observed as part of the transcriptional response to touch. They are well characterised to be involved in response to bacterial pathogens and abiotic stresses (Shen et al., 2015) , but a function in touch response has not yet been shown. Biotic stress responses mediated by WRKY TFs are upregulated in OM66-OE, om66, At12cys-1 and CDKE1-OE while noticeably downregulated in cdke1 (Figure 7a, pink cluster) . Consistent with the enrichment of a variety of WRKY TFBS, a subset of these WRKY TFs was also upregulated in transcript abundance by touch. Interestingly, CAMTA3 mediates biotic stress responses, among others through the regulation of WRKYs (WRKY33, 53, 54, 70) and WRKY33 contains the CAMTA binding site (Galon et al., 2010) . At12Cys-1-OE and cdke1 were observed to be enhanced in abiotic stress responses analogous to the wild-type (Figure 7a Table S1 . A log 2 fold change of ≥ 2 or ≥ -2 and FDR value below 0.5 was used to define differentially expressed genes. (b) Heat map representing fold changes in the expression of genes encoding transcription factors in the lines as outlined in (a). Differentially expressed genes were defined as those with a log 2 fold change of ≥ 2 or ≤ -2 (FDR value < 0.05). The red and blue arrows highlight groups of transcription factors that are uniquely changing in wild-type (see text for details). (c) The number of transcription factors in each family that change upon touching. C1 = cluster 1 that contains genes whose transcripts are downregulated in abundance, C2 = cluster 2 that contains genes whose transcripts are upregulated in abundance. Ethylene Responsive Factor (ERF) and basic helix-loop-helix (bHLH) transcription factors are statistically overrepresented (FDR value < 0.05) in their response to touch stimulus as indicated by asterisks. for MYC2, 3, 4, 5, MYC2 expression was significantly touch-induced, whereas MYC4 and MYC5 (ATNIG1) expression decreased (Figure 7b ). Other TFs associated with jasmonate signalling such as ORA47 (octadecanoidresponsive AP2/ERF-domain transcription factor 47), AIB (JAM1 -JASMONATE-ASSOCIATED MYC2-LIKE 1) and JAM2 (JASMONATE-ASSOCIATED MYC2-LIKE 2) suggest that jasmonic acid signalling and its interaction with light (PIF4, 5, 7, GBF1, PIL1, HYH, HY5, bZIP16) and ABA (AIB, ABF1, GBF3) signals are altered. Also, an ER stress response is evidenced by the enrichment of binding sites for the ER membrane-bound TFs bZIP16, 17, 28 and 49 (Howell, 2013) . By contrast with the abiotic and biotic stress responses that are upregulated by touch, binding sites for processes associated with development and circadian regulation were enriched in genes with decreased expression upon touch (Figure 7a, b) . This includes major regulators of the circadian rhythm such as CCA1 (CIRCA-DIAN CLOCK ASSOCIATED 1) and LHY (LATE ELONGATED HYPOCOTYL) (Mizoguchi et al., 2002) , RVE1 (REVEILLE 1), EARLY-PHYTOCHROME-RESPONSIVE1 (EPR1; RVE7) and LHY-CCA1-LIKE5 (LCL5; RVE8) ( Figure 7 -light green cluster), and the regulators of development, TCP (TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR1) (Danisman et al., 2012) and GL2 (GLABRA2) (Rerie et al., 1994) (Figure 7a , dark green cluster).
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Comparison of how the different mitochondrial mutants affect the touch response indicated that overexpression of OM66 or CDKE1 and loss of function of At12Cys have similar effects on the touch-responsive upregulated or downregulated genes, respectively, in that they upregulate biotic responses (Figure 7a , pink cluster) and downregulate specific developmental factors (Figure 7a , dark green cluster). Interestingly, mutation of CDKE1 (cdke1) downregulates biotic stress responses (Figure 7a, pink cluster) . Notably, the biotic stress response was absent from the conserved and wild-type-exclusive touch response, indicating that this response is prioritised in the mitochondrial mutants compared with wild-type (upregulated by OM66 and CDKE1 and repressed by At12Cys). The abiotic responses are upregulated by AtCYS-1-OE and cdke1 and downregulated by OM66-OE and are conserved in the wild-type.
Therefore, touch activates regulatory networks that mediate the responses to abiotic and biotic stresses and, in parallel, downregulates growth and development.
Altered mitochondrial function affects on the touch responses, in that it prioritises the biotic stress-response pathways and also negatively affects the growth and developmental reprogramming upon touch.
Interaction with hormonal signalling pathways
In order to understand how mitochondrial function interacts with other signalling pathways that may affect the touch response, several mutants were tested, or hormonal applications were applied, as various hormones have been linked to mediating the touch response (see Introduction). To widen our observations, the tested transcripts responding to touch were expanded by another 23 genes, which represent genes from all five clusters/patterns outlined in Figure 3 (Table S3) .
KIN10 is known as a central integrator of mediating energy or stress signalling (Baena-Gonzalez et al., 2007) . It has been previously shown that KIN10 interacts with CDKE1 to mediate mitochondrial retrograde signalling induced by chemical inhibition of the mitochondrial electron transport chain (Ng et al., 2013a) . Given that the touch response transcriptome prioritises stress response over growth and development, KIN10 may play a role in this switch. As the CDKE1 mutants, both overexpressers and loss-of-function T-DNA, affected biotic (CDKE1-OE, upregulated; cdke1, downregulated), abiotic (cdke1, upregulated) and development (CDKE1-OE, downregulated) (Figure 7) , the touch response was tested in a kin10 mutant. Analyses revealed that 13 of the 26 genes tested were affected in the kin10 RNAi lines (Figure 8a) , with 10 of these overlapping with the 13 of the 26 genes that were affected in the cdke1 mutant ( Table S2B ). Given that kin10 RNAi lines do not represent a full knockout (Ng et al., 2013a) , this suggests that these two kinases are acting in the same pathway to mediate the touch response.
Given the role of hormonal signalling in both stress and touch response signalling (Lange and Lange, 2015; Berkowitz et al., 2016) , the effect of hormone biosynthesis or signalling pathways on the touch response was investigated using a variety of mutants and treatments (Figure 8b) . Mutants of the hormone signalling pathways used included abi4-1 (ABA pathway) (Wind et al., 2013) , axr4 (auxin pathway) (Hobbie and Estelle, 1995) , coi1-16 (jasmonate pathway) (Ellis and Turner, 2002) , eds5-1 (salicylic acid pathway) (Glazebrook et al., 1996) , etr1-3 (ethylene pathway) (Guzman and Ecker, 1990) , and gai-1 (Koorneef Figure 7 . Transcription factor analysis of the touch responses in wild-type and mitochondrial signalling mutants. (a) For each mutant, differentially upregulated and downregulated genes were searched for enriched (q-value < 0.05) transcription factor binding sites using the TF2Network tool (Kulkarni et al., 2017) . For each mutant, the top 50 most significantly (q-value) enriched TFs were retained for visualization in a heat map. Significance is indicated by the -log 10 (q-value) if q-value < 5.00E
À11 for upregulated gene lists and < 0.05 for downregulated gene lists, as the latter are smaller genes lists with lower enrichment of transcription factor binding sites (TFBSs). Mutants with similar TFBS enrichment patterns are indicated with coloured boxes. (b) Significantly (q-value < 0.05, |log 2 -fold change| > 2) differences in transcript abundance of the corresponding transcription factors by touch treatment in wild-type and mutant lines is displayed by red (up) or blue (down). Transcription factors with experimentally proven DNA interaction with one or more target genes are highlighted with a black box.
et al. , 1985) and gai-t6/rga-t2/rgl1-1/rgl2-1/rgl3-1 (Feng et al., 2008) (gibberellin pathway). Hormone solutions of abscisic acid (ABA), indole-3-acetic acid (IAA), salicylic acid (SA), jasmonic acid (JA) and gibberellic acid (GA), and an ethylene precursor 1-aminocyclopropane-1-carboxylic acid (ACC) were directly applied to the rosette leaves with a soft paint brush. In addition to OM66, WRKY15, WRKY40, the expression of the same 26 representative genes as used for the analysis of the kin10 RNAi line was analysed. In general, the touch response of these genes was increased with all hormone treatments at 0.5 h (Figure 8c , Table S3 ). There were some exceptions to this with individual genes and treatments. For example, the observed induction of GA2OX2 (At1 g30040) was abolished by SA and ACC, suggesting that GA catabolism may be downregulated with these treatments, with known positive and negative interactions between SA/ethylene and GA signalling documented (Sun, 2008; Lee and Park, 2010; Gallego-Giraldo et al., 2011) .
By contrast, mutants for the various phytohormone signalling pathways had a greater effect in terms of differentially affecting various marker genes and greater differences were observed between mutants. The GA and ethylene signalling mutants, gai-1 (GIBBERELLIC ACID INSENSITIVE), gai-t6/rga-t2/rgl1-1/rgl2-1/rgl3-1 (GIBBEREL-LIC ACID INSENSITIVE/REPRESSOR OF GA1-3 (RGA)/RGA-LIKE1/RGA-LIKE2/RGA-LIKE3) and ein2-1 (ETHYLENE INSENSITIVE) had the greatest effect on the 26 touch marker genes tested, repressing the increase in transcript abundance upon touch treatment. For several tested genes, e.g. ABA1, PEARLI4-like, MES5 and CML41 (CAL-MODULIN-LIKE 41/At3 g50770) the induction of gene expression was reversed and resulted in a repression after touch in these mutants. The difference in response observed between gai-1 and gai-t6/rga-t2/rgl1-1/rgl2-1/rgl3-1 is not unexpected as the former is a single and the latter is a quintuple mutation of the GA receptor proteins of the DELLA protein family. Nevertheless, the cluster of these two della mutants had the strongest response (Figure 8c ). By contrast with the GA signalling mutants, the ethylene signalling mutants differ in their response. The etr1-3 mutant, which carries a mutation in ethylene receptor ETR1 has a small stimulatory effect on the touch response, accentuating the response of the transcript abundance for ERF6, GLTP and especially CML41, while the latter was by contrast with gai-1, gai-t6/rga-t2/rgl1-1/rgl2-1/rgl3-1 and ein2-1 (Figure 8c ). This was by contrast with the ein2-1 mutant, which showed a desensitised response to touch with several genes (e.g. CML38, GLTP, NAC090, DIC1, EFR6, NDB2) showing an attenuated touch response, consistent with previous findings that induction of TCH3 requires EIN6 downstream of Ca 2+ signals Lee et al., 2005) . This can be explained by the fact that ETR1 is one of a number of ethylene receptors and acts upstream of EIN2, which is encoded by a single gene in Arabidopsis and is essential for ethylene signalling (Figure 8b ) (Hall et al., 1999) . While generally there was a high correlation of the changes in gene expression across all treatments and mutants, the ein2-1 had a negative correlation with all other treatments and the correlation of the gai-1 and the gai-t6/rga-t2/rgl1-1/rgl2-1/rgl3-1 quintuple mutant was lower (Figure 8d ). This indicated that both ethylene (ET) and giberellin (GA) have a role in the regulation of the touch response.
The results above suggested an interaction between touch and hormonal signalling. Therefore, it was investigated if one of the pathways by which mitochondrial function altered the touch response was via altering hormonal levels. Measurement of ABA, GA and IAA metabolites revealed that the six mitochondrial mutants tested altered at least one of the hormones measured (Table 1) . ABA and GA 3 were elevated in the At12cys-1 mutant, and GA 3 was increased almost 4-fold in both om66 and OM66-OE and had doubled in abundance in cdke1. GA 4 was decreased to varying extents in five out of six mutants, except CDKE1-OE where it was at wild type levels (Table 1) . While the level of indole-3-acetic acid (IAA) was below the level of detection (isotope standards used and were recovered). The level of indole-3-pyruvic acid, a precursor to IAA was doubled in cdke1 that displayed most changes in the touch transcriptome, and also was reduced by 50% in OM66-OE. Also, indole-3-pyruvic acid methyl ester is almost 3-fold higher in cdke1 compared with wild-type.
DISCUSSION
Previously we have reported that the rapid touch induction of OM66 was distinct from its induction by chemical inhibition of the mitochondrial electron transport chain and not via the same signal transduction pathway that leads to the induction of AOX1a, a widely used marker of mitochondrial retrograde signalling (Van Aken et al., 2016) . To determine the effect and/or role of mitochondrial function on the touch transcriptome, the response of several mitochondrial function/signalling mutants was characterised. The changes induced were characterised by a response to abiotic and biotic challenge, while processes of growth and biosynthesis were downregulated. There is a significant response in the untouched half leaf, and a low (but measurable) response in adjacent leaves consistent with previous studies that systemic signals like JA and ET have been implicated in the touch response (Biro and Jaffe, 1984; Chehab et al., 2012) . Using a repeated touch treatment, differences in gene expression kinetics were observed, and evidence for the involvement of the hormones, especially GA and ET, as likely signalling molecules were obtained. This suggested a complex response to the sensing of mechanical stimulation and signalled via multiple pathways as well as a major 
effect on mitochondrial function on the touch-responsive transcriptome.
All mutants affected the response of at least one of the touch marker genes used, OM66, WRKY15 or WRKY40, and with significant overlap among them. However, a clear pattern attributable to the nature of the mutations did not emerge. For example, in the rug3 and ndufs4 mutants their decreased amount of complex I did not lead to an induction of the same response in the three marker genes. WRKY40 was induced in both, while OM66 was induced in rug3 but decreased in ndufs4, and WRKY15 was decreased in ndufs4 but showed no significant change in rug3. Mutants of the intermembrane space twin cysteine proteins At12Cys-1 and At12Cys-2 were most consistent, in that independent single mutants in the two genes resulted in an upregulation of the response of all three marker genes. Using corresponding double and triple mutants it was shown that the responses were robust and probably due to more than one signalling pathway. For OM66 and WRKY15 as markers, the increased response observed with the At12cys-1/2 mutants was decreased by the additional mutation of rug3 or ndufs4, but when using WRKY40 as a marker these mutations were additive.
Analyses of previously characterised regulators of mitochondrial retrograde regulation revealed that CDKE1 (RAO1) (Ng et al., 2013a) had the greatest effect on the response, greatly altering the transcriptome and abolishing up to twothirds of the response. As a subunit of the Mediator complex, it suggests that this protein complex plays an important function in executing the touch response. Previously it has been demonstrated that CDKE1 interacts with KIN10 in mitochondrial retrograde signalling (Ng et al., 2013a) . KIN10 plays a central role as a regulator between energy and stress response (Baena-Gonzalez et al., 2007; Wurzinger et al., 2018) , and in regulating alternative mitochondrial metabolic pathways, branched-chain amino acid metabolism, and ELECTRON-TRANSFER FLAVOPROTEIN: UBIQUI-NONE OXIDO-REDUCTASE (ETFQO) in extended darkness (Pedrotti et al., 2018; Wurzinger et al., 2018) . Other regulators of mitochondrial retrograde signalling also affected the touch response (Figure 2 ), such as RAO3 (BIG), a protein involved in auxin transport , and RAO7 (MYB29) (Zhang et al., 2017) . The latter two are both negative regulators of mitochondrial retrograde regulation and mutants in these genes resulted in an upregulation of the touch response of the marker genes examined, suggesting that they may have a similar role in suppressing the touch response as they do in mitochondrial retrograde regulation.
An analysis of the touch transcriptome and network analyses of its regulation indicated that the touch response The touch response of 26 marker genes selected from the five clusters (Figure 3 ), in kin10 mutants: SnRK1, Sucrose non-fermenting Related protein Kinase 1; GA2OX2, gibberellin 2-oxidase (Yamauchi et al., 2007) ; DLAH, DAD1-like acylhydrolase (Seo et al., 2011) ; EXL1, exordium-like 1 (Schroder et al., 2011) ; ILL6, IAA-leucine resistant (ILR)-like gene 6 (Widemann et al., 2013) ; CML38, calmodulin-like 38 (Lokdarshi et al., 2016) ; DIC1, dicarboxylate carriers 1 (Palmieri et al., 2008) ; JAZ7, jasmonate-zim-domain protein 7 (Yan et al., 2014) ; ZAT11, zinc finger of Arabidopsis thaliana 11 ; GRP, glycine-rich protein; AOC1, allene oxide cyclase 1 (Stenzel et al., 2012); CML41, calmodulin-like 41 (McCormack and Braam, 2003) ; NDB2, NAD(P)H dehydrogenase B2 (Elhafez et al., 2006) ; SNARE, soluble N-ethyl-maleimide sensitive factor attachment protein receptors; ERF6, ethylene responsive element binding factor 6 (Moffat et al., 2012) ; RRTF1, redox responsive transcription factor 1 (Matsuo and Oelm€ uller, 2015) ; PEARLI 4, phospholipase-like protein; GLTP, Glycolipid transfer protein; PGIP2, polygalacturonase-inhibiting protein 2 (Ferrari et al., 2012) ; MES5, methyl esterase 5 (Yang et al., 2008) ; NAC090, NAC domain containing protein 90; BTI3, VIRB2-interacting protein 3 (Hwang and Gelvin, 2004) ; TCH4, Touch 4 (Xu et al., 1995) ; and ABA1, ABA DEFICIENT 1 (Assmann et al., 2000) . Statistical significance of values was determined by comparing to wild-type using Student's t-test (*P < 0.05, **P ≤ 0.01; n = 3). ( Figure 3 ) were included. Plant hormone solutions of abscisic acid (ABA) 100 lM, indole-3-acetic acid (IAA) 10 lM, salicylic acid (SA) 10 lM, jasmonic acid (JA) 50 lM, 1-aminocyclopropane-1-carboxylic acid (ACC) 10 lM, gibberellic acid (GA) 100 lM were brushed onto the rosette leaves of Arabidopsis Col-0 using a paint brush. Water was used as the control. Samples were harvested at 0.5 and 1 h after the treatment. The heat map shows the response and a full description of the selected genes and the log 2 fold changes were shown in Table S3 . Statistical significance of values was determined by comparing to the water control using Student's t-test (*P < 0.05, **P ≤ 0.01; n = 3). is strongly associated with response to a variety of stimuli that can be grouped as stress response. While this is not unexpected, it does indicate that touch is perceived as a signal for imminent pathogen attack and a broad range of stress defence response at the transcript level is initiated. With respect to mitochondria, the touch induction overlaps with a number of genes that have been previously defined as being induced by a variety of stress responses such as TIM17-1 (At1 g20350), DIC1 (At4 g24570), DIC2 (At4 g24570), mitochondrial phosphate transporter PHT3;2 (At3 g48850), NDB2 (At4 g05020), manganese tracking factor for mitochondrial superoxide dismutase (At4 g27940), Cytochrome bd ubiquinol oxidase, 14 kDa subunit (At5 g25450), Methylenetetrahydrofolate reductase family protein (At5 g38710) or calcium-dependent mitochondrial ATP-Mg/Pi transporter (At5 g61810). As calcium-dependent mitochondrial carriers can also import ATP under certain stress conditions, this provides a potential link between mitochondrial function, Ca 2+ and stress signalling (Stael et al., 2011) . There are several distinctions as well. Neither AOX1a nor UPOX (upregulated by oxidative stress), which are both induced by oxidative stress, are part of the touch response. Also, other genes associated with stress responses such as Late Embryo Abundant (LEA) proteins, genes involved in tetrapyrrole synthesis, glutathione transferase, cytochrome c, and Bcl-2-associated athanogene (BAG) were induced by touch. This suggests an overlap in response between the touch and mitochondrial stress responses. It should be noted that, when defining mitochondrial stress-responsive genes, the application of stress often involves touch-related treatments such as spraying with chemicals. Many genes induced upon touch may decline in transcript abundance slowly afterwards. Therefore, at 3 h, the marker genes used in the touch response are still significantly induced, albeit decreased from the peak observed upon touch at 30 min (Figure 1) . Consistent with previous studies the touch response interacted with various hormone signalling pathways. Measurement of hormone levels in the mitochondrial mutants revealed alterations from two-to five-fold, suggesting that at least this is one route by which altering mitochondrial function can alter touch signalling. Additionally, the altered regulatory network in the mitochondrial mutants affects the touch response, with several mitochondrial mutants already having altered expression of TFs that are touch responsive. The involvement of a number of WRKY TFs and their increase in expression in the mitochondrial mutants positions mitochondrial function as an important hub in stress signalling, as many of these TFs not only play a role in the touch response as suggested here, but also in biotic defence responses (Figure 7) .
Overall, these results revealed that the touch transcriptome of Arabidopsis is greatly affected by mitochondrial function (Figure 9 ). There is some overlap with the regulators from mitochondrial retrograde signalling, via KIN10, CDKE1, but it is largely distinct from mitochondrial oxidative stress signalling via the activation of ER membrane NAC TFs, of which NAC17 and NAC13 are the best characterised, consistent with the lack of induction of AOX1a. It also interacts via KIN10 with alternative mitochondrial metabolic pathways that are essential for survival in darkness (Pedrotti et al., 2018; Wurzinger et al., 2018) . There is interaction with phytohormone signalling pathways, most notably ethylene and gibberellic acid, the latter altered by mutations in genes encoding mitochondrial proteins. Therefore, the mitochondrial function is directly and indirectly involved in modulating the touch response in Arabidopsis.
MATERIALS AND METHODS
Plant materials and growth condition
Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as the wild-type control for all experiments unless stated otherwise. aox1a ; At12cys-1, At12cys-2a, At12cys-2b, ndufs4, rug3, tim23-2 KO, TIM23-2 OE (Wang et al., 2016) ; kin10, rao1-2, CDKE1-OE ( (Glazebrook et al., 1996) ; ein2-1, etr1-3 (Guzman and Ecker, 1990) ; gai-1 (Koorneef et al., 1985) ; gai-t6/rga-t2/rgl1-1/ rgl2-1/rgl3-1 (Feng et al., 2008) ; yucca (Zhao et al., 2001) . The coding sequence of At12CYS-1 (At5 g64400) and At12CYS-2 (At5 g09570) was cloned to pk7WG2 using the Gateway methods to obtain the At12CYS-1-OE and At12CYS-2-OE overexpression constructs, respectively. Homozygous transgenic lines of At12CYS-1-OE and At12CYS-2-OE were obtained to the T3 generation. The full list of T-DNA or EMS mutants and transgenic lines used in this study are listed in Table S1 . Seeds were sown on soil or Murashige and Skoog (MS) medium with 1% sucrose, 0.75% (w/v) agar and grown under a 14 h : 10 h day : night photoperiod at 22°C with 100 lmol m À2 sec À1 photosynthetic photon flux density.
Touch treatment
Touch treatment was performed on the rosette leaves of 4-weekold plants using a soft paint brush without damaging the tissues. For the touch response study on wild-type plants material over a 36-h time course, the leaves were treated at 0, 12 and 24 h and harvested at the time points as indicated. In other touch experiments, samples were harvested at 0.5 h after treatment. Measurements were carried out in biological triplicate.
Plant hormone treatment
Plant hormone solutions (10 lM IAA, 100 lM GA, 10 lM SA, 100 lM ABA, 50 lM JA) were brushed onto the rosette leaves of 4-week-old plants using a soft paint brush. Water was used as the control. Samples were harvested at 0.5 h after treatment. Measurements were carried out in biological triplicate.
Hormone analyses
Plant Growth Regulator (PGR) standards and internal standards: (AE)-abscisic acid (Sigma, cat. no. A1049) and gibberellic acid (Sigma, cat. no Next, 50 lg mL À1 stock solutions of each internal standard were prepared by dissolving 1 mg of each compound in 20 mL of LC/ MS grade methanol. The stock solutions were stored at À20°C. The final working solutions of each internal standard contained 1 lg mL
À1
, which was prepared using LC/MS grade methanol. 400 mg of fresh plant tissue was transferred into a 12-mL screw-cap glass tube and extracted using 4 mL of LC/MS grade methanol. 50 ng of the internal standards was added to each sample. The samples were placed on a shaker at 0°C for 45 min. 4 mL of dichloromethane was subsequently added to each sample followed by gentle mixing. The samples were placed on a shaker at 0°C for 45 min and centrifuged at 2000 g for 30 min at 4°C. The solvent from the lower phases was gently transferred to new glass tubes using glass pipettes and concentrated using a nitrogen evaporator with nitrogen flow. Each sample was redissolved in 30 lL of LC/MS grade methanol, and 4 lL of each sample was injected onto a reverse-phase C18 column for high pressure liquid chromatography-electrospray ionization-tandem mass spectrometry (HPLC-ESI-MS/MS) analysis.
Plant hormone analysis was performed with reverse-phase LC-ESI-MS/MS using Agilent Technologies (Singapore) ultra-performance liquid chromatography systems (UPLC) coupled to either a G6570A Series Triple Quadrupole (QQQ) MS (ABA and GA hormones) or a 6545 Q-TOF MS (auxins, indoles and SA hormones) instrument. In both cases, a C18 guard column (1.8 lm particle size, 2.1 mm inner diameter, and 10 mm length) was connected to an analytical C18 reverse-phase column (1.8 lm particle size, 2.1 mm inner diameter, and 100 mm length) (Agilent Technologies, Santa Clara, California). The samples were separated on the analytical column at a flow rate of 300 lL/min using H 2 O:formic acid (FA) (99.9:0.1 v/v) as solvent A and methanol:FA (99.9: 0.1 v/v) as solvent B in a stepwise gradient. The gradient conditions were 2-30% B (2-5 min), 30-60% B (5-15 min), 60-95% B (15-16 min), held at 95% of B for 2 min and held at 2% B for 5 min for the ABA/GA hormones and 2-48% B (0-30 min), 48-90% B (30-70 min), held at 90% of B for 4 min and held at 2% B for 15 min for the auxins, indoles and SA hormones. The temperatures of the column ovens were 40°C and 30°C for the QQQ and QTOF runs, respectively. UPLC systems were connected to the QQQ and QTOF instruments via Agilent Jetstream electrospray interfaces (AJS ESI). In Figure 9 . Model for the interaction of mitochondrial signalling with the touch response. Upon touch a calcium flux via mechanosensitive channels (MCA), a defined touch response, is initiated (Nakagawa et al., 2007) . This response is potentially mediated through CALMODULIN-BINDING TRANSCRIPTION ACTIVATORs (CAMTA). However, a touch response independent of MCA involving mitochondria has also been reported (Van Aken et al., 2016) . It is proposed that part of the touch stimulus is sensed by mitochondria (dashed grey line) and that mitochondrial functional status affects the transcriptome response as evidenced by the fact that all of the 25 mitochondrial mutants affect the touch response (Figure 2 ). Outer membrane protein OM66 (similar to CDKE1, see below) emphasises the biotic aspect mediated by WRKYs, whereas the intermembrane twin cysteine protein At12Cys represses it and positively effects the abiotic aspect, similar to wild-type. Interestingly, CAMTA3 mediates biotic responses, among others upregulated through the regulation of WRKYs (Galon et al., 2010) . By contrast with abiotic and biotic stress responses being upregulated by touch, circadian, growth and development processes are downregulated. A large part of the touch responses is signalled through the mediator complex as shown by the great effect of CDKE1 mutation, a kinase associated with the mediator complex (Ng et al., 2013a) . Mutation in KIN10 that interacts with CDKE1 in mediating mitochondrial signalling, also affects the response. KIN10 also positively regulates the upregulation of alternative mitochondrial metabolic pathways to promote survival in extended darkness (Pedrotti et al., 2018; Wurzinger et al., 2018) . both cases, a capillary voltage of 4 kV was applied, and the gas temperature used at the source was 325°C with a gas flow rate of 8L/min. The sheath gas temperature was 400°C on both instruments, but the gas flow rates were 12 and 10 L/min and on the QQQ and QTOF instruments, respectively. Both instruments were operated in high resolution negative ion mode. Data-dependent acquisition of mass spectra with a full scan (m/z = 100-1500) were accomplished in centroid mode on the QTOF spectrometer. For untargeted metabolomics, the top few precursor ions were selected and further fragmented using nitrogen as the collision gas. These high collision energies were set at 40 eV. The precursor ion was isolated with an isolation width of 1.3 Th. and purine and hexakis were used as reference lock-mass compounds with automatic mass correction enabled. The masses observed in the negative mode for these compounds were m/z = 112.986 and m/ z = 1033.988, respectively. The mass correction was operated using the AgilentMass Hunter Qualitative software (B.01.03 version). The QTOF and QQQ instruments were calibrated using the ESI-low concentration tuning mix from Agilent Technologies (Santa Clara, USA), which was infused into the instruments through a reference sprayer located in the Dual-Spray ESI ionization source.
Peak lists were generated using the Agilent MassHunter Workstation software data acquisition for G6570A QQQ and 6545 Series TOF LC/MS instruments. The Agilent Pathways to PCDL (B.08.00) software was used to create an Agilent PCDL file (.cdb) from the METLIN Metabolomics database using phytohormones as the taxonomy. The created PCDL file was edited using the Agilent PCDL manager software to remove and add relevant metabolites based on the compounds of interests. The final database was used as a target list for the Batch Targeted Feature Extraction using the Agilent MassHunter Profinder (B.08.00) software. The results were reviewed and manually curated.
RNA isolation and quantitative RT-PCR
Total RNA was isolated from 60À80 mg of frozen, homogenized Arabidopsis tissue using the Spectrum TM Plant Total RNA kit (Sigma) according to the manufacturer's protocol. On-Column DNase I (Sigma) digestion was performed with the total RNA prior to elution.
For quantitative reverse transcription polymerase chain reaction (qRT-PCR) analysis, 30-60 mg of Arabidopsis tissue was frozen, homogenized and dissolved in Lysis Buffer (100 lM TrisÀHCl, pH 7.5, 500 lM LiCl, 10 lM EDTA, 1% LiDS, 5 lM dithiothreitol). mRNA was isolated using the Oligo d(T)25 Magnetic Beads (New England Biolabs), cDNA synthesis and qRT-PCR were performed as described previously (Jost et al., 2007) . The cDNA was synthesized using the Tetro cDNA Synthesis Kit (Bioline). Quantitative RT-PCR was performed using the SensiFAST SYBR & Fluorescein Kit (Bioline) on QuantStudio TM 12K Flex Real-Time PCR system (Applied Biosystems). The PCR conditions were as follows: 95°C for 2 min; 40 cycles of 95°C for 20 sec; 60°C for 30 sec. Data were analysed using the QuantStudio TM 12K Flex software (Applied Biosystems). Significant changes were determined using the Student's t-test with one asterisk indicating a significant difference with a P-value < 0.05, two asterisks indicating a P-value ≤ 0.01. Three biological replicates were performed for each sample. Gene-specific primers are listed in Table S4 .
RNA-seq analyses
Three biological replicates for all treatments and genotypes were used for isolation of total RNA from approximately 100 mg tissue with the RNeasy Plant mini kit (Qiagen, Sydney, Australia) with subsequent on-column DNase digestion according to manufacturer's instructions (Qiagen, Sydney, Australia). RNA-seq libraries were generated with the TruSeq Stranded mRNA Library Prep Kit and sequenced on a HiSeq1500 system (both Illumina) as 50 bp reads with an average quality score (Q30) of above 95% and an average of 16 million reads per sample. The FastQC software (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/) was used for read quality control. Abundances of transcripts as estimated counts and transcripts per million (TPM) were determined on the gene level by pseudoaligning reads against a k-mer index build from the Araport11 representative transcript models (Cheng et al., 2017) with a k-mer length of 31 using the kallisto program with 100 bootstraps (Bray et al., 2016) . Only genes with at least five counts in at least 20% of samples were included in the further analysis. Analyses for differential expression of genes was performed using the program sleuth with a likelihood ratio test to call differential expression (Pimentel et al., 2017) . Genes were called as differentially expressed with a |log2| > 2 and false discovery rate FDR < 0.05 unless stated otherwise. Further analyses, including hierarchical clustering, calculation of correlation plots and generation of heat maps was conducted with Partek Genomics software suite version 6.16 (Partek Incorporated, http://www.partek.com/). The heat maps shown in Figures 4 and 6 were generated using average linkage clustering based on Euclidean distance. The full list of TFs in Arabidopsis was derived from the Plant TF DB (http://planttfdb.cbi.pku.edu.cn/download.php) and these were used for enrichment analyses (z-score, p < 0.05) (Jin et al., 2017) . RNA-seq read data were deposited at the NCBI SRA database under project ID PRJNA473032.
Promoters were searched for enriched TFBSs, including 2058 Arabidopsis position weight matrices for 921 TFs using the TF2Net-work tool (Kulkarni et al., 2017) . In addition, TF2Network was used to analyse TFs for experimental proteinÀDNA interactions with the touch-response target genes in the different mutants. The heat map displaying enriched TFBS for the different mutants (Figure 7 ) was made with Genesis 1.6.0 software and motifs were clustered using average linkage hierarchical clustering.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Growth stage analyses of mutant lines used in this study. Figure S2 . Photosynthetic efficiency (Fv/Fm) and chlorophyll content of mutants used in this study. Figure S3 . Diurnal expression pattern of genes identified in the time course experiment. Figure S4 . Gene ontology analyses of the changes in transcript abundance in the various lines used in this study. Table S1 . Arabidopsis mutant lines used in this study. Table S2 . List of differentially expressed genes (DEGs) upon touch. Table S3 . Changes in gene expression of OM66, WRKY15, WRKY40, NDA1 and NDB2 as well as 25 selected genes after touch treatment of several hormone mutants or hormone treatments. Table S4 . List of genes and primer sets used for quantitative RT-PCR used in this study.
